Like protein-coding genes, loci that produce microRNAs (miRNAs) are generally considered to be under purifying selection [1] [2] [3] , consistent with miRNA polymorphisms being able to cause disease [4] . Nevertheless, it has been hypothesized that variation in miRNA genes may contribute to phenotypic diversity [1, 3, 5, 6 ]. Here we demonstrate that a naturally occurring polymorphism in the MIR164A gene affects leaf shape and shoot architecture in Arabidopsis thaliana, with the effects being modified by additional loci in the genome. A single base pair substitution in the miRNA complementary sequence alters the predicted stability of the miRNA:miRNA* duplex. It thereby greatly reduces miRNA accumulation, probably because it interferes with precursor processing. We demonstrate that this is not a rare exception and that natural strains of Arabidopsis thaliana harbor dozens of similar polymorphisms that affect processing of a wide range of miRNA precursors. Our results suggest that natural variation in miRNA biogenesis resulting from cis mutations is a common contributor to phenotypic variation in plants.
Like protein-coding genes, loci that produce microRNAs (miRNAs) are generally considered to be under purifying selection [1] [2] [3] , consistent with miRNA polymorphisms being able to cause disease [4] . Nevertheless, it has been hypothesized that variation in miRNA genes may contribute to phenotypic diversity [1, 3, 5, 6 ]. Here we demonstrate that a naturally occurring polymorphism in the MIR164A gene affects leaf shape and shoot architecture in Arabidopsis thaliana, with the effects being modified by additional loci in the genome. A single base pair substitution in the miRNA complementary sequence alters the predicted stability of the miRNA:miRNA* duplex. It thereby greatly reduces miRNA accumulation, probably because it interferes with precursor processing. We demonstrate that this is not a rare exception and that natural strains of Arabidopsis thaliana harbor dozens of similar polymorphisms that affect processing of a wide range of miRNA precursors. Our results suggest that natural variation in miRNA biogenesis resulting from cis mutations is a common contributor to phenotypic variation in plants.
Results and Discussion
Allelic Variation at MIR164A Affects Leaf Development and Shoot Architecture Genetic differences between individuals are sometimes revealed only in specific environments or genomic backgrounds. Such cryptic variation can determine the consequences of both deleterious and beneficial second-site mutations and affects the success of breeding programs [7] [8] [9] . This type of variation is revealed when progeny show a wider phenotypic range than their ancestors. A striking case of such transgressive segregation was observed in a recombinant inbred line (RIL) population obtained from a cross between the Col-0 and C24 strains of Arabidopsis thaliana [10] . The grandparents had leaves with just a few indentations in their margins ( Figure 1A ), but the RIL population contained individuals with deeply serrated leaves, as well as ones with completely smooth leaf margins. Quantitative trait locus (QTL) mapping identified two major regions affecting this trait, on chromosomes 2 and 4 ( Figure 1B ). Alleles at these loci had opposite effects, explaining the moderate levels of leaf serration in either grandparent. Additional minor peaks suggested a complex genetic architecture for this trait ( Figure S1A ; Table  S1 available online).
Several introgression lines (ILs) [11] confirmed both major QTL. The chromosome 2 QTL was clearest, with ILs carrying a C24 segment introgressed into Col-0 having enhanced serration (Col-IL QTL2_C24 ), and the opposite type having smooth leaf margins (C24-IL QTL2_Col-0 ; Figures 1C and S1C ). The location of the QTL was refined to a region of about 80 genes. Among them was MIR164A, one of three genes coding for miR164, a miRNA targeting transcription factors of the CUP-SHAPED COTYLEDONS (CUC)/NO APICAL MERISTEM (NAM) family [12] . MIR164A suppresses CUC2, and inactivation of MIR164A in the Col-0 miR164a-4 allele causes deep leaf serration [13] (Figure 1C) . In test crosses, the MIR164A C24 allele did not complement the miR164a-4 mutation in Col-0, consistent with this allele being responsible for the chromosome 2 QTL (Figures 1C and S1C ). MIR164A also suppresses the production of normally dormant accessory buds [14] , which can elongate after the primary lateral shoot in a leaf axil is removed [15] (Figure 1D ). Col-IL QTL2_C24 lines had more accessory buds than did Col-0, similar to the miR164a-4 mutant; conversely, C24-IL QTL2_Col-0 lines had fewer accessory buds than did C24 ( Figure 1E ). Furthermore, only constitutive expression of MIR164A Col-0 , but not MIR164A
C24
, conferred the known overexpression phenotypes of smooth leaf margins with occasional organ fusions [16, 17] , thereby suppressing the miR164a-4 defects ( Figures  2A and S2A) . Accordingly, CUC2 transcripts were more abundant in miR164a-4 and Col-IL QTL2_C24 plants than in Col-0, and they were strongly reduced only upon overexpression of the MIR164A Col-0 allele ( Figure S2B ). This further supports allelic differences at MIR164A as being causal for the chromosome 2 QTL. A caveat to the overexpression experiments is that the miRNA processing machinery might become saturated, which could affect the rate of miRNA processing. However, the absence of shared pleiotropic effects from overexpressing different miRNAs or overexpressing defective miRNA precursors argues against such a scenario (e.g., [18] [19] [20] [21] [22] ).
A Causal Polymorphism in the Complement of the Mature miRNA miRNAs typically originate from primary MIRNA transcripts (pri-miRNA) that are processed by DICER-LIKE 1 (DCL1) [23] . Constitutive expression of MIR164A
Col-0 and MIR164A
resulted in similar levels of pri-miR164a but only plants expressing MIR164A Col-0 had increased levels of mature miR164 ( Figures 2B and 2C) , independently of the genetic background ( Figures S2C and S2D ). These observations suggest that the lower activity of MIR164A C24 is due to reduced accumulation of the miRNA. Sequencing of the small RNA population of transgenic plants revealed that the MIR164A C24 and MIR164A Col-0 precursors produced a similar spectrum of small RNAs, but much less miR164 and miR164* were generated from the MIR164A C24 precursor ( Figure 2D ). One explanation is inefficient processing of the MIR164A C24 precursor by the DCL1 complex. Other scenarios are reduced stability or less efficient nuclear export of the miRNA:miRNA* complex, which may lead to enhanced degradation of the duplex before the miRNA becomes associated with AGO1. Similarly, less efficient incorporation of the miRNA into AGO1 because of the altered miRNA:miRNA* structure may increase degradation.
The experiments presented above indicated that changes in the MIR164A C24 precursor interfered with accumulation of mature miRNA and miRNA*. At the sequence level, the Col-0 and C24 alleles are differentiated by only a few singlenucleotide polymorphisms (SNPs ; Table S2 ). One affects a C in the miRNA* that is paired with a G at position 2 of the mature miRNA (this position will henceforth be referred to as *2) ( Figure 2E ). The replacement of a G:C in MIR164A
Col-0 with a non-Watson-Crick G:U pair in MIR164A C24 slightly increases the calculated free energy of the foldback from 265.3 to 262.9 kcal/mol, but should not modify the secondary structure of MIR164A ( Figure S2E ). Nevertheless, altered miRNAmiRNA* base pairing can affect miRNA processing in animals and viruses [24] [25] [26] [27] and has been associated with cancer [28, 29] , cardiomyopathy [30, 31] , and schizophrenia [27] . Consistent with this SNP being causal for the reduced activity of MIR164A
C24 , introducing it into MIR164A
Col-0 greatly compromised miR164 accumulation in overexpressors (Figures 2F and 2G ). In humans, a similar SNP in pre-miR146a leads to the production of two different miRNAs from the passenger strand (miR146a*G and miR146a*C), which have been proposed to target different sets [32] . In the MIR164A case, a role of the miRNA* itself is unlikely, because the phenotype conferred by MIR164A C24 matched that of the miR164a-4 mutant in Col-0. Moreover, miR164a* does not seem to be loaded into AGO1 protein [33] , and the few lowconfidence targets predicted for miR164a* would not be greatly affected by the C24 SNP (Table S3) .
Because the C24 mutation was predicted to have only a subtle effect on pri-miRNA structure, we wanted to know whether it was in an unusually sensitive position. We replaced G:C with G:U pairs in other positions of pri-miR164A by individually mutating all Cs paired to Gs in the mature miRNA. All mutations strongly reduced miRNA production, and none of (E) Secondary shoots with accessory buds in long-day grown plants. Differences between the four groups are significant at p < 0.05. Scale bars represent 1 cm. See also Figure S1 and Table S1 .
the corresponding transgenes could suppress the miR164a-4 phenotype, although miRNA activity seemed less affected by mutations closer to the center of the miRNA ( Figure 3A ). We also tested whether similar effects could be observed for other miRNAs. When the C24 mutation in MIR164A was introduced into MIR164B, much less miRNA accumulated in overexpressors ( Figure 3B ), and the modified MIR164B transgene no longer suppressed the miR164a-4 mutation (Figure 3C ). We then selected three unrelated MIRNA genes, MIR156B, MIR172A, and MIR167A, which produce distinct overexpression phenotypes and the precursors of which have, like MIR164A, G:C pairs at position *2 ( Figure S3A ). Changing G:C to G:U pairs reduced miRNA accumulation in all cases. Compared to other mismatches, G:U wobble pairs are thermodynamically relatively stable and have unique chemical properties [34] ; consistent with this, introduction of a fully mismatched G:A pair at position *2 further affected miRNA production ( Figure 3D ). The phenotypic effects were largely proportional to the amount of mature miRNA produced, with the modified transgenes causing milder phenotypic alterations than the unmodified versions ( Figures 3E-3G , S3B, and S3C; Table S4 ). Thus, both context and mismatch type appear to be important for the consequences of altered pairing in the miRNA precursor, consistent with previous observations [19] [20] [21] [22] .
Effects of Polymorphisms in Other miRNA Precursors
How frequent are MIR164A
C24
-type polymorphisms in natural strains of A. thaliana? Analysis of 96 strains (accessions) from throughout the species range revealed that the MIR164A C24 polymorphism was unique, but a polymorphism at position *11 was found in 44 accessions. In this case, a G:U pair was replaced by a G:C pair ( Figure 4A ). Overexpression of a natural allele with this polymorphism, MIR164A Sha , indicated that it was at least as efficient in producing miR164 as was the reference allele. Similar results were obtained when this SNP was engineered into the Col-0 allele of MIR164A. It could also partially suppress the negative effect of the C24 SNP when present in the same precursor ( Figures  4B and S4A) .
We then extended our analysis to other miRNA genes by using whole-genome data for 80 accessions [35] . Of 190 miRNA genes in miRBase [36] , 65 were polymorphic, with 105 SNPs in the sequence complementary to the mature miRNA. The miRNA sequences themselves had 110 SNPs in 60 genes ( Figures 4C and S4B ), in agreement with a previous comparison of complex changes in miRNAs and their complements [37] . These observations suggest similar functional constraints for miRNA and miRNA* sequences. Derived allele frequencies are also similar, with SNPs being on average rarer than polymorphisms in other portions of the miRNA precursor, indicative of stronger purifying selection in miRNAs and miRNA*s ( Figure 4D) .
Most of the 105 SNPs in the miRNA complementary sequences, 94 in 60 genes, were predicted to modify base pairing in the miRNA foldback. We engineered several of these polymorphisms into the reference allele. In all cases, disrupting paired bases reduced miRNA production in an overexpression assay, and improving base pairing increased miRNA accumulation, with corresponding effects on wholeplant phenotypes ( Figures 4E and S4C-S4F ). Although this was generally also the case when the complete natural alleles were overexpressed, there were exceptions. SNPs in MIR160B and MIR842 disrupt paired bases in the miRNA:miRNA* duplex and would thus be expected to reduce miRNA production, as observed for the engineered alleles with single SNPs in the reference background. Instead, mature miRNAs accumulated to higher levels. We conclude that additional SNPs and short insertions/deletions throughout the MIR160B and MIR842 foldbacks can compensate for mutations affecting the miRNA:miRNA* duplex, consistent with such polymorphisms being able to affect MIRNA activity (J. Hu and J. de Meaux, personal communication).
In conclusion, we have demonstrated that A. thaliana miRNA:miRNA* duplexes feature a high number of natural polymorphisms that can affect base pairing and thus reduce accumulation of mature miRNAs. In analogy with a case from herpes virus [25] , we favor impaired processability of the miRNA:miRNA* duplex as the most likely explanation, Figure S3 and Table S4. although reduced stability after DCL1 processing is a possibility. The consequences at the level of the entire organism will depend on the genetic background, as demonstrated for MIR164A. There are many polymorphisms in mature miRNA sequences as well; this variation can doubly impact miRNA function, either by modifying base pairing and thus miRNA biogenesis or by modifying the targeting specificity of the miRNA itself [24] . An additional level of miRNA regulation are expression differences, as recently revealed by interspecific comparison of the MIR163 gene between A. thaliana and its relative A. arenosa [38] . Together, these findings highlight the potential for sequence variation at plant miRNA loci as raw material for phenotypic evolution and adaptation.
Accession Numbers
The EBI short read archive accession number for the small RNA libraries sequencing data reported in this paper have been deposited in NCBI GEO, accession number GSE32927. 
Supplemental Information

MIR164A*
11C is the reference allele with only the Sha SNP in the miRNA*, whereas MIR164A* 2U,11C includes the C24 SNP. (C) SNP density across 196 MIRNA loci in 80 A. thaliana genomes [35] . The miRNA and its complement are compared to the rest of the foldback and to 200 bp regions upstream or downstream. Black crosses represent means. Differences between the three groups are significant at p < 0.05. (D) Derived allele frequencies, assuming that the base in the reference genome of A. lyrata reflects the ancestral state [39] . (E) miRNA levels in plants overexpressing either the reference alleles, the reference alleles with individual SNPs introduced into the miRNA*, or the naturally polymorphic alleles. For MIR169M, two modified Col-0 alleles are shown. RNA was pooled from eight independent primary transformants. SNPs at positions indicated as red superscripts repair mismatches with respect to the Col-0 reference allele. See also Figure S4 .
